Introduction
Immunocytochemistry sometimes fails to demonstrate the specific hormone secretion in digestive endocrine tumors. Indeed, lack of immunodetection of the peptides responsible for clinically and biologically proven glucagonomas (1). somatostatinomas (2), and gastrinomas (3-6) has been reported with antibodies raised against the bioactive form(s) of these peptides. This lack could be due to a very rapid peptide turnover in these tumors without cell storage, to the masking of antigenic determinants in fixed tissue, or to the secretion of an immature or abnormal molecular form that is not recognized by the antisera. Supported trin 17/34 form and morphological study of secretory granules. Gastrin mRNAs were detected in antral gastrin cells and in a variable proportion of tumor cells in all endocrine tumor studied. Transcript expression correlated well with immunohistochemical staining and granule ultrastructure for most of the tumors, and provided crucial evidence for identifying as gastrinomas two tumors with weak immunoreactivity and poorly granulated cells. Our data show that in situ hybridization is a sensitive method for gastrin mRNA detection and represents a valuable tool for the identification of gastrinomas. (JZ&sttochem Cyttochem 40:1363-U72,1992) KEY WORDS: Human; Gastrin mRNA; In situ hybridization; Immunohistochemistry; Ultrastructure; Zollinger-Ellison syndrome; Omeprazole.
In an attempt to remedy these drawbacks, antibodies raised against the peptide precursor and its various derivatives have been recently utilized. This approach has proven successful in the case of glucagonomas (1) and bombesin-immunoreactive small-cell lung carcinomas (3, since it made it possible to detect tumors that did not react with antisera against mature peptide forms. With such a methodology, we have recently studied seven tumors (6) obtained from patients presenting with a Zollinger-Ellison syndrome caused by tumor overproduction of gastrin. Of five gastrin-immunostained tumors, three contained mainly immature gastrin forms, suggesting an alteration in post-translational processing of the gastrin precursor in gastrinomas (8-12), while two other tumors failed to react with all antisera used, even after enzymatic pre-treatment of tissue to unmask putative antigenic determinants. Moreover, identification of gastrinoma on the basis of the morphological ultrastructure of cell secretory granules remains a problem because tumor gastrin cells often display granules with an undifferentiated aspect.
Molecular hybridization methods have recently become avail-able for studying expression of gut peptide "As, but in situ detection of these mRNAs in tumors of the digestive tract is still at a very preliminary stage. Because of difficulties in the immunohistochemical and electron microscopic identification of gastrinomas and because no evident abnormality in the gastrin gene (13) or in gastrin sequences has been detected in these tumors (14,15), in situ hybridization, which allows the detection of hormone mRNA in tissue, may represent an attractive alternative to identify these peculiar tumors. To the best of our knowledge, no information covering this topic has thus far been published.
The aims of the present study were to develop an in situ hybridization technique for the study of gastrin mRNA expression and to apply this technique for the characterization of gastrin cells, first in antral mucosa, where these cells are normally localized and which served as tissue control, and, second, in endocrine tumors freshly removed from patients with Zollinger-Ellison syndrome. Furthermore, this study was designed to compare the results from in situ hybridization with those obtained by current immunocytochemical techniques.
Materials and Methods

Patients and Materials
Endocrine tumors were removed from seven patients with a clinically and biologically well-documented Zollinger-Ellison syndrome, either sporadic or associated with a Type 1 multiple endocrine neoplasia (MEN-1) and characterized, among other symptoms, by high gastrin levels that induced hyperchlorhydria and duodenal ulcers. Patient characteristics and tumor origins are shown in Table 1 . In all cases, several tissue specimens from the same tumor were examined.
A n t " wils studied as tissue control. Under normal conditions, moderate numbers of human gastrin cells are dispersed in the middle third of the antral mucosa thickness, i.e., in a zone corresponding to the upper part of glands. The antral gastrin cell population is susceptible to variation under the influence of stimuli such as hypochlorhydria. The proton pump inhibitor omeprazole, which is a powerful gastric antisecretory drug, is known to promote antral gastrin cell hyperplasia by means of induced achlorhydria (16). To obtain significant signal for gastrin mRNA in antrum, we chose to examine antral samples obtained from patients with the Zollinger-Ellison syndrome who had been treated with omeprazole. chilled in liquid nitrogen and stored at -7O'C. Bouin's-fixed materials were rinsed in 50% ethanol overnight, then processed for paraffin embedding.
In addition, small tumor and antral tissue samples were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4, for 2-3 hr at 4'C, then post-fixed in 1% osmium tetroxide in the same buffer for 1 hr. They were embedded in Epon according to the usual procedure.
Staining and Immunocytochemistry
Light Microscopy. Paraformaldehyde-or Bouin's-fixed paraffin sections (4 pm thick) and paraformaldehyde-fixed cryostat sections (6 pm thick) were used. Tumor tissues were stained with the silver impregnation technique according to Grimelius (17) or immunostained with general endocrine markers such as chromogranin A (Clonatec; Biosoft, Paris, France) and neuron-specific enolase (Immunotech; Luminy, France) antibodies. To characterize the endocrine secretion(s), immunoperoxidase reactions were performed using antibodies directed against the following peptides: some panfom~dehydc-fixed mm hen finscd at least mrnight in PBS, routinely dehydrated in graded ethanol, cleared in butanol, embedded in paraffin, and stored at 4'C, whereas others, rinsed in PBS containing 20% sucrose for cryoprotection. were quickly frozen in isopentane be used s such. Monoclonal antibodies; all others were polyclonal. Sweden). The origin and dilution of the various antibodies are indicated in Table 2 . In some cases, the argentaffin reaction was applied to paraffin sections to confirm the prexnce of enterochromaffin cells in tumors. Before incubation with the primary antiserum, endogenous peroxidase activity was blocked by dipping sections in 0.3% H 2 0 2 in methyl alcohol for 30 min at room temperature. The immunoreactivity was revealed by the avidin-biotin-peroxidase complex (ABC) procedure (20) with a Vectastain ABC kit (Vector; Burlingame, CA).
Electron Microscopy. Ultra-thin sections from tissues blocks mre routinely observed under a JEOL JEM-1200 EX transmission ekctron microscope. Immunogold staining with CT gastrin antibodies rvas applitdro 50nm thick ultra-thin sections mounted on nickel grids. Ounicated sections were pre-treated for 60 min with a saturated aqueous solution of sodium metaperiodate (21) before immunogold staining. Subsequently, they were incubated with normal goat serum diluted k100 (20 min), then with the primary gastrin antiserum overnight. and finally incubated for 1 hr with 15-nm gold-labeled goat anti-rabbit IgG serum Uanssen; Olen, Belgium) diluted 1:10. Tissues were then contrasted with uranyl acetate-lead citrate and examined under an electron microscope.
In Situ Hybridization
Molecular Probe. Characterization and Labeling. The probe used was a 430 BP cDNA cloned in pBR 322, corresponding to exons 2-3 of the human gastrin gene which codes for the pre-pro-hormone. This probe was kindly provided by the Japanese Cancer Research Resources Bank Gene (Tokyo, Japan) and was originally developed by Matsubara's group (22, 23) . This probe has been used to analyze gastrin gene structure by Southern blotting and RNA transcription start-point by S1 nuclease mapping in human gastric antrum and gastrinoma tissue (13). After PstI digestion, the insert was labeled by the random primer labeling method (24) with dCTP, using a DNA multiprime labeling system from Amersham (Paris, France). The specific activity varied from 2 x lo8 to 1 x lo9 cpmlpg of DNA probe. The labeled probe was purified through a Sephadex G-50 column, followed by ethanol precipitation.
In Situ Hybridization Method. Frozen and paraffin-embedded tissue sections were mounted on Denhardt poly-L-lysine-coated slides. Some sections were also mounted on slides treated with fluorhydric acid, then dipped in a 2% 3-aminopropyltriethoxysilane solution in acetone (25) . Paraffin sections were dewaxed in xylene, passed through ethanol, and air-dried. Both kinds of tissues were immersed in 0.2 N HCI solution to eliminate basic proteins, rinsed in PBS, then digested in 2.5 pglml (frozen tissue) or 5 pglml (paraffin-embedded tissue) of proteinase K (Sigma; St Louis, MO) in 0.1 M %is-HCI buffer containing 2 mM CaC12, at 37°C for 20 min. Thereafter, sections were post-fixed in freshly prepared 4% paraformaldehyde in PBS for 20 min. rinsed in PBS, and immersed in 0.25% acetic anhydride in 0.1 M triethanolamine for 10 min to reduce background reactivity.
Hybridization was performed in a moist chamber for 18 hr at 42'C with 2 x 10' to 4 x 10' cpm of 3'S-labeled DNA probe per section. The probe was diluted in a hybridization mixture containing 50% formamide, 2 x SSC, 2.5 x Denhardt's solution (0.05% polyvinylpyrrolidone, 0.05% Ficoll Type 400, and 0.05% BSA), 10% dextran sulfate, 100 pglml sheared salmon sperm DNA, 200 pglml yeast total RNA, 100 pglml yeast transfer RNA, 10 pglml polyA, and 10 mM dithiotreitol (DTT). During hybridization, the preparations were covered with coverslips to prevent evaporation.
After hybridization. coverslips were removed and sections washed in 4 x SSC with SO% formamide at 42-C for 30 min (twice), then in 2 x SSC and 1 x SSC without formamide, each bath for 15 min at the same temperature. in 0.1 x fisc at 50-C for 15 min, then 0.1 x SSC for 15 min at ambient temperature (three times). Subsequently, the slides were dehydrated in graded concentrations of ethanol, dried, and dipped in 11-ford K5 emulsion (Ilford; Mobberley, UK) diluted 1:3 with distilled water.
After exposure for 13-17 days at 4"C, autoradiographs were developed in D-19 developer (Kodak; Rochester, NY) for 5 min at 18"C, fixed in sodium thiosulfate for 10 min, rinsed in water. and counterstained with Mayer's hemalum.
Control reactions included (a) hybridization to sections of heterologous tissue (liver and lymph node in the metastases), (b) RNAse A treatment of the sections, 1 mglml for 60-90 min at 37'C before hybridization with the gastrin probe, (c) incubation of sections normally processed for hybridization technique but receiving only hybridization buffer without labeled probe, and finally (d) incubation of tissue sections with an excess of unlabeled gastrin probe before hybridization with the %-labeled gastrin probe.
Analyses of Results
The intensity within cells of the hybridization signal and of staining at the light microscopic level, as well as the roughly estimated number of cells identified with the different techniques, was arbitrarily scored by two independent observers in a semiquantitative manner from 0 to + + + (see Results for explanation).
Results
Antral Mucosa
First, the specificity of the gastrin cDNA probe was controlled by localizing target mRNAs in antral biopsies from patients presenting with a Zollinger-Ellison syndrome and treated with omeprazole. Hyperplasia of gastrin cells was evidenced, both with immunohistochemistry and in situ hybridization, by the observation of many gastrin cells forming palisades or even micronodules and occurring in the middle third of the antral mucosa thickness (Figures la-Id) . Hybridization of freshly prepared tissue with a high amount of radioactivity (4 x 10' cpmlslide) yielded a good labeling signal on paraformaldehyde-fixed, cryostat-cut sections after a 15-day exposure, whereas no signal was observed on paraffin sections. At the electron microscopic level, the typical gastrin cells (G-cells) exhibited granules of variable size and density. Small and dense granules have been reported to contain immature forms of gastrin and larger granules with medium or low electron density to contain mainly the bioactive gastrin 17/34 form (6,lO). The presence of gastrin 17/34 in lucent granules was confirmed here by immunogold labeling (Figures le and If) .
Endocrine Tumors
These are summarized in Tables 3 and 4 . In two cases of hepatic metastases (Cases 5 and 6), the tumors were huge (weighing up to 7 kg) and multinodular (up to 15 cm in diameter). These characteristics may explain the variability of immunohistological stainings and in situ hybridization results, depending on the regions examined.
In Situ Hybridization. Hybridization signal was obtained in all tumors (Table 3) . Its intensity varied depending on the tumor and on the regions within a given tumor. It was weak and diffuse in Case 6, moderate and diffuse in Cases 1, 2, and 7b, very strong but focal in Cases 3 and 7a ( Figures Za-2~ ). strong on most parts of the tumor in Case 5 (Figures 3a-3f ), strong and found all over the tumor in Case 4 (Figure 4a ). The experiments were repeated two to four times on all tumors, after a time lapse of up to 1 year and using different radioactivity concentrations. The results were reproducible with, however, some variation in intensity. For example, for one tumor by use of low radioactivity (2 x 10' cpmlslide), the labeling was relatively well localized and was visible on the cytoplasm of the ribboned tumor cells with a low background (Figures 3a, 3b, and 3d ). With higher radioactivity (4 x lo5 cpm/slide) and an identical exposure time, this tumor showed a strong hybridization signal with less-defined morphology and higher background in roughly the same regions. However, the signal-tonoise ratio remained elevated, and in this respect the non-tumor tissue was clearly contrasted from the tumor (Figures 3e and 3f ). As control, treatment of the tissue sections with RNAse A before hybridization was performed. This abolished or greatly reduced the specific signal on antral mucosa as well as on tumor tissue (Figures 2b, 3c, and 4b ). Reduction of signal was also observed af-ter addition of cold probe which competed for the target gastrin mRNA (Figure 4c ). Furthermore, heterologous normal tissue (i.e., duodenum, liver, and lymph node) in which tumors were developed did not express gastrin mRNA ( Figures Za, 2c. 3d, and 4a ).
It should be pointed out that, in contrast to antral tissue, in situ hybridization signals could be detected on paraffin as well as cryostat tumor tissue sections. We obtained a better signal on cryostat sections. Nevertheless, gastrin mRNA was strongly expressed in paraffin tumor sections of Case >, even after more than 1 year of storage at 4°C (Figures 3e and 3f ). In Case 7b we also obtained a moderate signal on Bouin's-fixed paraffin sections.
ImmunoStaining and Electron Microscopy. All tumors were positive with the three endocrine markers used (Grimelius argyrophilia, chromogranin A, neuron-specific enolase) ( Table 4 ). Most of these tumors contained many immunoreactive gastrin cells, revealed with the two CT-G 17/34 antisera (Figure 3g ). However, two of them showed a few scattered or even very rare gastrin cells (Cases 2 and 6). All tumors contained several other immunoreactive peptides, as already reported for this type of endocrine tumors ( 6 ) , the most frequent being SRIF and HPP ( Table 4) . At the electron microscopic level, one tumor was mainly composed of typical G-cells (Case 5 ) . In two tumor localizations (cases 3 and 7b), typical G-cells were associated with cells containing un-differentiated dense granules. In the other tumors (Cases 1, 2, 6, and 7a), all cells contained only atypical granules which did not make possible their identification (Figure 2d ). However, in Case 7a, some enterochromaffin (EC) cells were easily recognized and their presence was confirmed at the light microscopic level with the argentaffin Masson reaction. In tumor G-cells. immunogold labeling with the two CT-G 17/34 antisera was mainly but not ex- clusively found in typical electron-lucent granules (Figures 3h and  3i) . In other tumor cells, atypicaldense granules were often moderately labeled.
Comparison Betmen Gastrin Immunocytochemistry and In Situ Hybridization. Criteria used for the evaluation of in situ hybridization reactivity and immunohistochemistry at the light micro-scopic level were not strictly similar. However, taking into account the grading scales established for the two techniques and the electron microscopic observations. it was possible to compare the different results within a given tumor (Table 3) . Thus, gastrin immunoreactivities at both the light and electron microscopic level, granule ultrastructure, and in situ hybridization signals were well correlated in Cases 5 and 7b. Gastrin mRNA detection was more focally localized than was immunoreactive gastrin in Cases 3 and 7a. The hybridization signal was less intense than peptide immunoreactivity in Case 1 but was more intense in Cases 2. 4, and 6. The latter finding was of extreme interest for the identification as gastrinomas of tumors of Cases 2 and 6. because neither their very weak gastrin immunoreactivity with standard gastrin antibodies in light microscopy nor their ultrastructural aspect, revealing agranular or poorly granulated atypical cells in the tissue samples examined, could provide sufficient diagnostic confirmation.
Discussion
Investigations concerning gastrin mRNA expression have been developing over the last 3 years. Most of these studies have used molecular hybridization techniques such as Northern and dot-blots. They have been conducted with gastrin anti-sense RNA probes to analyze either the regulation of gastrin mRNA in antral mucosa of animals under several conditions, especially under omeprazole treatment (26) (27) (28) , or the gastrin gene expression during neonatal development in the rat (29) . To our knowledge, only two studies have used in situ hybridization to localize gastrin mRNA transcripts in tissue. The first was a preliminary study done with biotinylated human gastrin cDNA probe and showing hybridized signal on antral mucosa of duodenal ulcer patients (30) . The second, performed with 3%-labeled 61-mer oligonucleotide specific for human gastrin mRNA, showed labeling on antral mucosal cells of monkey (31) . With 3'S-labeled human gastrin cDNA probe we were also able to detect a specific hybridization signal located at the middle third of antral glands and corresponding to immunoreactive gastrin cells. Omeprazole-induced achlorhydria has been reported to promote antral gastrin cell hyperplasia in patients with the Zollinger-Ellison syndrome (16). An increase in gastrin mRNA levels was also found, on dot-blots, in antrum of the rat given omeprazole for 5 days (28) . In this case, such an increase was not related to gastrin cell hyperplasia, not yet developed after so short a period of treatment, but probably to stimulation of gastrin gene expression (28) . In the present study, gastrin cells, which are normally scattered in glands, formed palisades and even micronodules in the antral mucosa of our omeprazole-treated patients. Therefore, their hyperplasia was confirmed and the strong hybridization signal obtained in the antral glands with the gastrin probe is consistent with the presence of a high number of transcripts within each cell (see Figures la-Id).
Since we have previously shown that immunohistochemistry can fail to identify gastrin secretion in gastrinoma(s), even when antisera against different molecular forms of the pro-molecule were used (6). the main goal of our present work was to apply in situ hybridization as an alternative for the identification of gastrinoma(s). Here we report for the first time a study that correlates secretory granule ultrastructure, light and electron microscopic immuno-histochemistry with standard gastrin antibodies, and in situ hybridization with gastrin probe in digestive endocrine tumors recently obtained from seven patients with the Zollinger-Ellison syndrome. Under appropriate conditions of hybridization, the gastrin transcripts were detected in all tumors, in variable amounts depending on the regions. In two cases the mRNA expression was focal, whereas the protein expression was more homogeneous. Hormone peptide mRNAs are probably unstable molecules, and this slight discrepancy could be due to local variable mRNA lability. Overall, the concordance between the in situ hybridization and immunocytochemical results indicates that the two methods complement each other quite well in localizing the gene transcripts and peptide in tissues. In two cases that displayed very weak immunoreactivity to CT gastrin 17/34 together with rare and atypical granules, hybridization signals were the determining factors for establishing the nature of the tumor. The identification, with the same probe coding for the gastrin pre-pro-molecule, of mRNA in both antral and tumor tissues is in agreement with the results of Karyia et al. (13), who showed by Southern blotting analysis that no gross rearrangement of the gastrin gene occurred in the gastrinoma tissues they examined. Therefore, difficulties in gastrinoma immunostaining with standard gastrin antibodies arise most probably from alteration(s) in the post-translational processing of the gastrin precursor in these tumors, as already suggested by chromatographic (8, 9) and immunocytochemical (6,lO) studies.
Although our results clearly indicate that in situ hybridization is a valuable tool, the following points should be stressed. First, in antral mucosa and duodenal endocrine tumors there was a nonspecific autoradiographic signal on the mucous cells, which did not disappear when tissues were incubated with unlabeled probe before hybridization. The reason for this artifact is unclear. One possible explanation is a nonspecific retention of the 35S-labeled probe, as suggested by the observation, in preliminary studies, of the same artifact on antral tissues hybridized with a heterologous 3*S-labeled pBR 322 cDNA probe. Unspecific retention of label in intestinal tissue with radiolabeled probes has already been emphasized by others (32). Second, the use of 35S as a labeling isotope resulted in a somewhat imprecise cell resolution, especially when the amount of radioactivity per slide was high. Third, the tumor nature of the tissue per se is certainly also involved: necrosis with hemorrhagic foci, sometimes forming roughness in the surface of the tissue sections, favors background produced by nonspecific attachment of the labeled probe to these structures. In addition, a solid pattern tumor with a high density of neighboring cells expressing the same gene prevented a good cellular definition. Finally, the best signal was obtained in frozen tissue, whereas in paraffin-embedded material the signal was either absent (antrum) or was sometimes weak despite enhanced permeabilization (tumors). Part of the mRNA may be degraded or lost during fixation, whatever the embedding process used. Our results suggest, however, that " As are less accessible to the probe in paraffinembedded tissue. Difficulties in detection of peptide " As have also been reported by others, even when mRNAs are abundantly expressed (3334).
Therefore, in situ detection of gastrin mRNA expression according to the method described here appears to be clear-cut and reproducible. However, it remains of limited interest for routine histopathological diagnostic purposes and requires further improvement. Indeed, in our opinion in situ hybridization should be used as a complement to immunohistochemical methods when the results of these methods are negative or not demonstrative enough for gastrin peptide. In our study, we chose to work with a 430 BP human gastrin cDNA probe under high-stringency conditions to obtain an optimal homology with gastrin transcripts and to reduce the possibility of crossreaction with other hormone peptide mRNAs, known to be expressed concomitantly with gastrin mRNA in gastrinoma tumors. Gastrin mRNAs were recently visualized in monkey antrum with a small radioactive oligonucleotide probe (31). Indeed, decreasing the size of the probe results in increased penetration into fixed tissue. On the other hand, the use of biotinylated probes would render the technique of practical use by improving resolution and reducing the time of reaction. These probes are known to be less sensitive than radioactive probes, but methods have recently been proposed which would amplify the signal (33-3 5). Thus, gold-silver enhancement of indirect biotin-sueptavidinperoxidase reaction product was successful for the detection of another peptide, calcitonin, in thyroid C-cell carcinoma tumors (33).
In conclusion, despite its present technical limitation, in situ hybridization for localization of gastrin mRNAs appears to be a more sensitive method than immunocytochemistry performed with standard antibodies to localize the bioactive peptide. Therefore, it may be of help in the identification of gastrinoma tumors, particularly when there is high peptide synthesis with rapid turnover without cell storage or when alteration in the post-translational processing of gastrin precursor occurs. The use of such a technique could be extended to the determination of all types of endocrine tumors that synthesize other gut hormone peptides.
